Introduction {#Sec1}
============

The efficient identification of muons and the accurate measurement of their momenta are two of the main features of the ATLAS detector \[[@CR1]\] at the LHC. These characteristics are often crucial in physics analysis, as for example in precise measurements of Standard Model processes \[[@CR2]--[@CR4]\], in the discovery of the Higgs boson, in the determination of its mass \[[@CR5], [@CR6]\], and in searches for physics beyond the Standard Model \[[@CR7], [@CR8]\]. This publication presents the performance of the ATLAS muon reconstruction during the LHC run at $\documentclass[12pt]{minimal}
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                \begin{document}$$\sqrt{s}=7$$\end{document}$--8 TeV, focusing mainly on data collected in 2012. The performance of the ATLAS muon reconstruction has already been presented in a recent publication \[[@CR9]\] based on 2010 data. The results presented here are based on an integrated luminosity $\documentclass[12pt]{minimal}
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                \begin{document}$$\approx 500$$\end{document}$ times larger, which allows a large reduction of the uncertainties. The measurements of the efficiency, of the momentum scale and resolution are discussed with a particular emphasis on the comparison between data and Monte Carlo (MC) simulation, on the corrections used in the physics analyses and on the associated systematic uncertainties. Muons with very large transverse momentum,[1](#Fn1){ref-type="fn"}$\documentclass[12pt]{minimal}
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                \begin{document}$$p_{\mathrm{T}}$$\end{document}$ performance.

This publication is structured as follows: Sect. [2](#Sec2){ref-type="sec"} gives a short description of muon detection in ATLAS and Sect. [3](#Sec3){ref-type="sec"} describes the real and simulated data samples used in the performance analysis. The measurement of the reconstruction efficiency is described in Sect. [4](#Sec6){ref-type="sec"} while Sect. [5](#Sec15){ref-type="sec"} reports the momentum scale and resolution. A method for including photons from final-state radiation in the reconstruction of the muon kinematics, is described in Sect. [6](#Sec24){ref-type="sec"}. Conclusions are given in Sect. [7](#Sec25){ref-type="sec"}.

Muon identification and reconstruction {#Sec2}
======================================

A detailed description of the ATLAS detector can be found elsewhere \[[@CR1]\]. The ATLAS experiment uses the information from the muon spectrometer (MS) and from the inner detector (ID) and, to a lesser extent, from the calorimeter, to identify and precisely reconstruct muons produced in the $\documentclass[12pt]{minimal}
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The MS is the outermost of the ATLAS sub-detectors: it is designed to detect charged particles in the pseudorapidity region up to $\documentclass[12pt]{minimal}
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                \begin{document}$$|\eta | = 2.7$$\end{document}$, and to provide momentum measurement with a relative resolution better than 3 % over a wide $\documentclass[12pt]{minimal}
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                \begin{document}$$|\eta |=2.7$$\end{document}$ and it is provided by three layers of Monitored Drift Tube Chambers (MDT), each chamber providing six to eight $\documentclass[12pt]{minimal}
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                \begin{document}$$|\eta |>2$$\end{document}$ the inner layer is instrumented with a quadruplet of Cathode Strip Chambers (CSC) instead of MDTs. The single hit resolution in the bending plane for the MDT and the CSC is about $\documentclass[12pt]{minimal}
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                \begin{document}$$\upmu $$\end{document}$m, respectively. Tracks in the MS are reconstructed in two steps: first local track segments are sought within each layer of chambers and then local track segments from different layers are combined into full MS tracks.

The ID provides an independent measurement of the muon track close to the interaction point. It consists of three sub-detectors: the Silicon Pixels and the Semi-Conductor Tracker (SCT) detectors for $\documentclass[12pt]{minimal}
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                \begin{document}$$2$$\end{document}$ T. A track in the barrel region has typically 3 Pixel hits, 8 SCT hits, and approximately 30 TRT hits.

The material between the interaction point and the MS ranges approximately from 100 to 190 radiation lengths, depending on $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
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Muon identification is performed according to several reconstruction criteria (leading to different muon "types"), according to the available information from the ID, the MS, and the calorimeter sub-detector systems. The different types are:Stand-Alone (SA) muons: the muon trajectory is reconstructed only in the MS. The parameters of the muon track at the interaction point are determined by extrapolating the track back to the point of closest approach to the beam line, taking into account the estimated energy loss of the muon in the calorimeters. In general the muon has to traverse at least two layers of MS chambers to provide a track measurement. SA muons are mainly used to extend the acceptance to the range $\documentclass[12pt]{minimal}
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                \begin{document}$$2.5<|\eta |<2.7$$\end{document}$ which is not covered by the ID;Combined (CB) muon: track reconstruction is performed independently in the ID and MS, and a combined track is formed from the successful combination of a MS track with an ID track. This is the main type of reconstructed muons;Segment-tagged (ST) muons: a track in the ID is classified as a muon if, once extrapolated to the MS, it is associated with at least one local track segment in the MDT or CSC chambers. ST muons can be used to increase the acceptance in cases in which the muon crossed only one layer of MS chambers, either because of its low $\documentclass[12pt]{minimal}
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                \begin{document}$$25\lesssim p_{\mathrm{T}}\lesssim 100$$\end{document}$ GeV.CB candidates have the highest muon purity. The reconstruction of tracks in the spectrometer, and as a consequence the SA and CB muons, is affected by acceptance losses mainly in two regions: at $\documentclass[12pt]{minimal}
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                \begin{document}$$\phi $$\end{document}$ with only one layer of chambers traversed by muons in the MS, due to the fact that some of the chambers of that region were not yet installed.[2](#Fn2){ref-type="fn"}

The reconstruction of the SA, CB and ST muons (all using the MS information) has been performed using two independent reconstruction software packages, implementing different strategies \[[@CR10]\] (named "Chains") both for the reconstruction of muons in the MS and for the ID-MS combination. For the ID-MS combination, the first chain ("Chain 1") performs a statistical combination of the track parameters of the SA and ID muon tracks using the corresponding covariance matrices. The second ("Chain 2") performs a global refit of the muon track using the hits from both the ID and MS sub-detectors. The use of two independent codes provided redundancy and robustness in the ATLAS commissioning phase. A unified reconstruction programme ("Chain 3") has been developed to incorporate the best features of the two chains and has been used, in parallel to the other two, for the reconstruction of 2012 data. It is planned to use only Chain 3 for future data taking. So far, the first two chains were used in all ATLAS publications. As the three chains have similar performance, only results for "Chain 1" are shown in the present publication. A summary of the results for the other two chains is reported in Appendix A.

The following quality requirements are applied to the ID tracks used for CB, ST or CaloTag muons:at least 1 Pixel hit;at least 5 SCT hits;at most 2 active Pixel or SCT sensors traversed by the track but without hits;in the region of full TRT acceptance, $\documentclass[12pt]{minimal}
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Data and Monte Carlo samples {#Sec3}
============================

Data samples {#Sec4}
------------

The results presented in this article are mostly obtained from the analysis of $\documentclass[12pt]{minimal}
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The online event selection was performed by a three-level trigger system described in Ref. \[[@CR11]\]. The performance of the ATLAS muon trigger during the 2012 data taking period is reported in Ref. \[[@CR12]\]. The $\documentclass[12pt]{minimal}
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Monte Carlo samples {#Sec5}
-------------------

Monte Carlo samples for the process $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$pp \rightarrow (Z/\gamma ^*) X \rightarrow \mu ^+\mu ^- X$$\end{document}$, called $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$Z \rightarrow \mu \mu $$\end{document}$ in the following, were generated using POWHEG \[[@CR13]\] interfaced to PYTHIA8 \[[@CR14]\]. The CT10 \[[@CR15]\] parton density functions (PDFs) have been used. The PHOTOS \[[@CR16]\] package has been used to simulate final state photon radiation (FSR), using the exponentiated mode that leads to multi-photon emission taking into account $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\gamma ^*$$\end{document}$ interference in $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$Z$$\end{document}$ decays. To improve the description of the dimuon invariant mass distribution, the generated lineshape was reweighted using an improved Born approximation with a running-width definition of the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$Z$$\end{document}$ lineshape parameters. The ALPGEN \[[@CR17]\] generator, interfaced with PYTHIA6 \[[@CR18]\], was also used to generate alternative $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$Z \rightarrow \mu \mu $$\end{document}$ samples.

Samples of prompt $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${J/\psi \rightarrow \mu \mu }$$\end{document}$ and of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\Upsilon \rightarrow \mu \mu }$$\end{document}$ were generated using PYTHIA8, complemented with PHOTOS to simulate the effects of final state radiation. The samples were generated requiring each muon to have $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p_{\mathrm{T}}>6.5$$\end{document}$($\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$6$$\end{document}$) GeV for $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$J/\psi $$\end{document}$ ($\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\Upsilon $$\end{document}$). The $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$J/\psi $$\end{document}$ distribution in rapidity and transverse momentum has been reweighted in the simulated samples to match the distribution observed in the data. The samples used for the simulation of the backgrounds to $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$Z \rightarrow \mu \mu $$\end{document}$ are described in detail in \[[@CR19]\], they include $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$Z\rightarrow \tau \tau $$\end{document}$, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$W\rightarrow \mu \nu $$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$W\rightarrow \tau \nu $$\end{document}$, generated with POWHEG, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$WW$$\end{document}$, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$ZZ$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$WZ$$\end{document}$ generated with SHERPA \[[@CR20]\], $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$t\bar{t}$$\end{document}$ samples generated with MC\@NLO \[[@CR21]\] and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$b\bar{b}$$\end{document}$ as well as $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$c\bar{c}$$\end{document}$ samples generated with PYTHIA6.

All the generated samples were passed through the simulation of the ATLAS detector based on GEANT4 \[[@CR22], [@CR23]\] and were reconstructed with the same programs used for the data. The ID and the MS were simulated with an ideal geometry without any misalignment. To emulate the effect of the misalignments of the MS chambers in real data, the reconstruction of the muon tracks in the simulated samples was performed using a random set of MS alignment constants. The amount of random smearing applied to these alignment constants was derived from an early assessment of the precision of the alignment, performed with special runs in which the toroidal magnetic field was off. The knowledge of the alignment constants improved with time. In particular the alignment constants used for the reconstruction of the data were more precise than those used to define the random smearing applied in the simulation, resulting in some cases in a worse MS resolution in MC than in data.

Efficiency {#Sec6}
==========

The availability of two independent detectors to reconstruct the muons (the ID and the MS) enables a precise determination of the muon reconstruction efficiency in the region $\documentclass[12pt]{minimal}
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Muon reconstruction efficiency in the region $\documentclass[12pt]{minimal}
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The tag-and-probe method is employed to measure the reconstruction efficiencies of all muon types within the acceptance of the ID ($\documentclass[12pt]{minimal}
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For each muon type, the total reconstruction efficiency is given by:$$\documentclass[12pt]{minimal}
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### The tag-and-probe method with $\documentclass[12pt]{minimal}
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                \begin{document}$$Z\rightarrow \mu \mu $$\end{document}$ decays, events are selected by requiring two oppositely charged isolated muons[3](#Fn3){ref-type="fn"} with transverse momenta of at least $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p_{\mathrm{T}}> 25 $$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$10$$\end{document}$ GeV respectively and a dimuon invariant mass within $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$10$$\end{document}$ GeV of the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$Z$$\end{document}$-boson mass. The muons are required to be back to back in the transverse plane ($\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\Delta \phi > 2$$\end{document}$). One of the muons is required to be a CB muon, and to have triggered the readout of the event. This muon is called the "tag". The other muon, the so-called "probe", is required to be a MS track (i.e. a SA or a CB muon) when $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\varepsilon (\mathrm ID | \mathrm MS )$$\end{document}$ is to be measured. The probe is required to be a CaloTag muon for the measurement of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\varepsilon (\mathrm Type | \mathrm ID )$$\end{document}$. The use of CaloTag muons as the ID probes reduces the background in the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$Z \rightarrow \mu \mu $$\end{document}$ sample by an order of magnitude without biasing the efficiency measurement. The MS probes are also used to measure the efficiency of CaloTag muons. After selecting all tag-probe pairs, an attempt is made to match the probe to a reconstructed muon: a match is successful when the muon and the probe are close in the $\documentclass[12pt]{minimal}
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### Systematic uncertainties {#Sec11}
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### Results {#Sec12}
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The efficiencies measured in experimental and simulated data are in good agreement, in general well within 1 %. The largest differences are observed in the CB muons. To reconstruct an MS track, the Chain 1 reconstruction requires track segments in at least two layers of precision chambers (MDT or CSC) and at least one measurement of the $\documentclass[12pt]{minimal}
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Figure [6](#Fig6){ref-type="fig"} shows the reconstruction efficiency for CB+ST muons as a function of $\documentclass[12pt]{minimal}
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Muon reconstruction efficiency for $\documentclass[12pt]{minimal}
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As described in the previous sections, the CB muon reconstruction is limited by the ID acceptance which covers the pseudo-rapidity region $\documentclass[12pt]{minimal}
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A comparison with the Standard Model calculations for $\documentclass[12pt]{minimal}
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The selection of the central muon is similar to that of the tag muon in the tag-and-probe method. It is required to have triggered the event readout, to be isolated and to have transverse momentum $\documentclass[12pt]{minimal}
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Different sources of systematic uncertainties have been considered: a first group is obtained by varying the $\documentclass[12pt]{minimal}
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The theoretical uncertainty from higher-order corrections is estimated by varying the renormalization and factorization scales in the POWHEG NLO calculation at the generator level and is found to produce a negligible effect on the ratio of Eq. ([8](#Equ8){ref-type=""}). The uncertainty from the knowledge of the parton densities is estimated by reweighting the PDFs used in the MC samples from CT10 to MSTW2008NLO \[[@CR24]\] and by studying, at the generator level, the effect of the uncertainty associated to the MSTW2008 PDF set on the double ratio of Eq. ([8](#Equ8){ref-type=""}), obtaining an overall theoretical uncertainty of less than $\documentclass[12pt]{minimal}
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The efficiency in this region is obtained as the product of the SF and the "true" MC efficiency, calculated as the fraction of generator-level muons that are successfully reconstructed. The reconstruction efficiency and the SF for muons in the high-$\documentclass[12pt]{minimal}
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Scale factor maps {#Sec14}
-----------------

The standard approach used in ATLAS for physics analysis is to correct the muon reconstruction efficiency in the simulation using efficiency scale factors (SFs). The SFs are obtained with the tag-and-probe method using $\documentclass[12pt]{minimal}
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Figures [8](#Fig8){ref-type="fig"} and [9](#Fig9){ref-type="fig"} show the maps of the efficiencies measured using the data in the $\documentclass[12pt]{minimal}
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Momentum scale and resolution {#Sec15}
=============================
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                \begin{document}$$Z \rightarrow \mu \mu $$\end{document}$ decays collected by ATLAS are used to study in detail the muon momentum scale and resolution. The ATLAS simulation includes the best knowledge of the detector geometry, material distribution, and physics model of the muon interaction at the time of the MC events were generated. Additional corrections are needed to reproduce the muon momentum resolution and scale of experimental data at the level of precision that can be obtained using high-statistics samples of dimuon resonances. Section [5.1](#Sec16){ref-type="sec"} describes the methodology used to extract the corrections to be applied to the MC simulation. In Sect. [5.2](#Sec20){ref-type="sec"}, the muon momentum scale and resolution is studied in the data and in MC samples with and without corrections.

Corrections to the muon momentum in MC {#Sec16}
--------------------------------------

Similarly to Ref. \[[@CR9]\], the simulated muon transverse momenta reconstructed in the ID and in the MS sub-detectors, $\documentclass[12pt]{minimal}
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The MS and ID correction parameters contained in Eq. ([9](#Equ9){ref-type=""}) need to be extracted from data. For this purpose, a MC template maximum likelihood fit is used to compare the simulation to the data for $\documentclass[12pt]{minimal}
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### Systematic uncertainties {#Sec18}
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The MC-smearing approach of Eq. ([9](#Equ9){ref-type=""}) cannot be used to correct the MC when the resolution in real data is better than in the simulation. To deal with these cases, the amount of resolution that should be subtracted in quadrature from the simulation to reproduce the data is included in the positive ID and MS resolution variations. Then the prescription for physics analysis is to symmetrize the effect of the positive variation of resolution parameters around the nominal value of the physical observables under study.Table 1Summary of ID muon momentum resolution and scale corrections used in Eq. ([9](#Equ9){ref-type=""}), averaged over three main detector regions. The corrections are derived in 18 $\documentclass[12pt]{minimal}
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### Result of the muon momentum scale and resolution corrections {#Sec19}
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Measurement of the dimuon mass scale and resolution {#Sec20}
---------------------------------------------------

The collected samples of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${J/\psi \rightarrow \mu \mu }$$\end{document}$, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\Upsilon \rightarrow \mu \mu }$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$Z \rightarrow \mu \mu $$\end{document}$ decays have been used to study the muon momentum resolution and to validate the momentum corrections obtained with the template fit method described in the previous section with a different methodology. In addition the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\Upsilon $$\end{document}$ sample, not used in the extraction of the corrections, provides an independent validation.

Neglecting angular effects, the invariant mass resolution $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\sigma (m_{\mu \mu })$$\end{document}$ is related to the momentum resolution by$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\begin{aligned} \frac{\sigma (m_{\mu \mu })}{m_{\mu \mu }} \, = \, \frac{1}{2}\frac{\sigma (p_1)}{p_1} \oplus \frac{1}{2}\frac{\sigma (p_2)}{p_2}, \end{aligned}$$\end{document}$$where $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p_1$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p_2$$\end{document}$ are the momenta of the two muons. If the momentum resolution is similar for the two muons then the relative mass resolution is proportional to the relative momentum resolution:$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\begin{aligned} \frac{\sigma (m_{\mu \mu })}{m_{\mu \mu }} \, = \, \frac{1}{\sqrt{2}} \frac{\sigma (p)}{p}. \end{aligned}$$\end{document}$$The mass resolution has been obtained by fitting the width of the invariant mass peaks. In the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${J/\psi \rightarrow \mu \mu }$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\Upsilon \rightarrow \mu \mu }$$\end{document}$ decays, the intrinsic width of the resonance is negligible with respect to the experimental resolution. In the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$Z \rightarrow \mu \mu $$\end{document}$ case the fits have been performed using a convolution of the true line-shape obtained from the MC simulation with an experimental resolution function. The momentum scale was obtained by comparing the mass peak position in data and in MC. Details of the event selection and of the invariant mass fits are given below.Fig. 10Dimuon invariant mass distribution of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${J/\psi \rightarrow \mu \mu }$$\end{document}$ (*left*), $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\Upsilon \rightarrow \mu \mu }$$\end{document}$ (*center*) and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$Z \rightarrow \mu \mu $$\end{document}$ (*right*) candidate events reconstructed with CB muons. The *upper panels* show the invariant mass distribution for data and for the signal MC simulation plus the background estimate. The *points* show the data, the *filled histograms* show the simulation with the MC momentum corrections applied and the *dashed histogram* shows the simulation when no correction is applied. Background estimates are added to the signal simulation. The *lower panels* show the Data/MC ratios. The *band* represents the effect of the systematic uncertainties on the MC momentum corrections. In the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$J/\psi $$\end{document}$ case the background was fitted in a sideband region as described in the text. In the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\Upsilon $$\end{document}$ case a simultaneous fit of the normalization of the three simulated $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\Upsilon \rightarrow \mu \mu }$$\end{document}$ distributions and of a linear background was performed. In the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$Z$$\end{document}$ case, the MC background samples are added to the signal sample according to their expected cross sections. The sum of background and signal MC is normalized to the data

### Event selection and mass fitting {#Sec21}
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### Mass scale results {#Sec22}
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### Resolution results {#Sec23}
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Final state radiation recovery {#Sec24}
==============================

The invariant mass distributions of resonances that decay into muons, such as $\documentclass[12pt]{minimal}
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Final state radiation photons emitted collinearly to muons can be reconstructed with the LAr calorimeter: electromagnetic clusters are searched for within a narrow cone around the axis defined by the muon momentum direction at the interaction point (i.e. the direction which would be followed by an uncharged particle). The longitudinal segmentation of the LAr calorimeter is exploited to reduce fake photon clusters produced by muon energy losses in the calorimeter. This is achieved by using as a discriminant the fraction $\documentclass[12pt]{minimal}
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The FSR correction may introduce systematic variations in the invariant mass scale and resolution. To study these effects, a Gaussian fit of the $\documentclass[12pt]{minimal}
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The effect of pile up on the FSR correction has been estimated by dividing the data and the MC into three categories based on the average number of interactions per bunch crossing: $\documentclass[12pt]{minimal}
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Conclusions {#Sec25}
===========
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The muon momentum scale and resolution has been studied in detail using large calibration samples of $\documentclass[12pt]{minimal}
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Appendix A: Results with different reconstruction "Chains" {#Sec26}
==========================================================

This appendix reports the main results obtained with the other two muon reconstruction software packages used to process 2012 data, Chain 2 and the unified reconstruction programme Chain-3. Figure [18](#Fig18){ref-type="fig"} shows the efficiency as a function of $\documentclass[12pt]{minimal}
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                \begin{document}$$|\eta |<0.1$$\end{document}$, where they are used in physics analyses. The *error bars* shown for the efficiencies represent the statistical uncertainty. The *panel at the bottom* shows the ratio between the measured and predicted efficiencies. The *error bars* show statistical and systematic uncertainties added in quadrature

The efficiency drop that is observed in Chain 1 for CB muons at $\documentclass[12pt]{minimal}
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                \begin{document}$$|\eta | \simeq 1.2$$\end{document}$ is not present in the other two packages due to the less strict selection on the number of measurements in the MS. These relaxed requirements also improve the data/MC agreement. In Chain 2 the CB+ST efficiency is higher than the CB efficiency alone, similarly to Chain 1. For Chain 3, the distinction between CB and ST muons is not applicable anymore since a ID-MS combined momentum fit is performed also in the case of muons that traversed only one MS chamber, a category that is assigned to ST muons in Chain 1 and (with some exceptions) in Chain 2. Therefore only one type of Chain 3 muons is considered, which was tuned to provide a purity similar to that of the CB muons of Chain 1.

The momentum resolution of the three chains is very similar, with Chain 3 having approximately 2 % better resolution than Chain 1. The data/MC agreement and the amount of correction applied to the simulation is compatible among the three packages.

Appendix B: Results on 2011 data {#Sec27}
================================

During the 2011 data taking period, the LHC delivered $\documentclass[12pt]{minimal}
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The efficiency, calculated with the "tag and probe" method as in 2012, is presented in Fig. [19](#Fig19){ref-type="fig"} for Chain 1 muons. The main difference with respect to 2012 is the lower efficiency of CB muons at $\documentclass[12pt]{minimal}
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The momentum corrections have been derived for the 2011 MC in the same way as for the 2012 MC. After correction, the mass scales of data and MC are in good agreement as shown in Fig. [20](#Fig20){ref-type="fig"}. Due to the smaller data sample, the momentum corrections have larger uncertainties than in 2012. The resolution for CB muons obtained with $\documentclass[12pt]{minimal}
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The installation of all the muon chambers in this region has been completed during the 2013--2014 LHC shutdown.

Here a muon is considered to be isolated when the sum of the momenta of the other tracks with $\documentclass[12pt]{minimal}
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This effect is also visible in Fig. [9](#Fig9){ref-type="fig"} at $\documentclass[12pt]{minimal}
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